Two morphologically distinct Brachionus calyciflorus hatched from Lake Littra sediment: a typical B. calyciflorus Pallas and B. (calyciflorus) "Darling", a reproductively isolated, globular taxon without posteromedian spines. The Darling taxon is well defended against Asplanchna by its large size (adult lorica length ≥ 310 μm) and short (~50 μm) Asplanchna-induced posterior spines that protect small, vulnerable neonates. The typical B. calyciflorus is smaller (adult lorica length 169-195 μm), and is a mixture of interbreeding clones with or without constitutive posterolateral spines. In one of the former clones, adult posterolateral spine length increased significantly with maternal age, from~62 to 78 μm. Asplanchna induced increased lorica length and pronounced spine development in all clones, and its effect on females with constitutive posterolateral spines was additive. With Asplanchna, posterolateral spine length was 159 μm for a clone without constitutive posterolateral spines and 207 μm in a clone with 74 μm-long constitutive posterolateral spines. Coexistence of clones with and without constitutive posterolateral spines suggests a trade-off between the benefit of long defensive spines and some cost to spine development. It likely is maintained by fluctuating directional selection in response to changing Asplanchna abundance, and by a sediment bank of diapausing eggs produced by sexual reproduction.
a typical B. calyciflorus Pallas, or B. (calyciflorus) calyciflorus, found worldwide, and an undescribed taxon likely unique to the Murray-Darling Basin. The Darling taxon is larger, globular, transparent, and without posteromedian spines. Until future taxonomic revision, it may be called B. (calyciflorus) "Darling". Herein, these two taxa are informally referred to as typical and Darling B. calyciflorus.
Previous research on B. calyciflorus and Asplanchna in Lake Littra is very limited. Skinner et al. (2001) found that B. calyciflorus and Asplanchna sieboldii hatched from the sediment, and Furst (2014) reported B. calyciflorus, a "B. calyciflorus complex", and four species of Asplanchna (asymmetrica, brightwellii, priodonta and sieboldii) from the plankton. The Darling B. calyciflorus likely is part of that B. calyciflorus complex.
Here, mating experiments determine if the typical and Darling taxa are reproductively isolated from one another, and if they have different constitutive and induced morphological defenses against Asplanchna. In addition, clones of the typical B. calyciflorus found with or without constitutive posterolateral spines are examined to answer several questions. Do they interbreed? When these spines are present, is their length affected by maternal age as in some North American clones (Schröder and Gilbert, 2009) 
The typical B. calyciflorus in Lake Littra was expected to have the same defensive, developmental response to the Asplanchna kairomone as all tested strains from other continents: production of larger offspring with longer anterior and posterior spines (Gilbert, 1999 (Gilbert, , 2013 (Gilbert, , 2017a . The responses of clones with or without constitutive posterolateral spines are compared to test the hypothesis that the effect of Asplanchna on these spines is additive. If it is, clones with constitutive posterolateral spines may have evolved to resist intense Asplanchna predation.
The Darling B. calyciflorus is expected to have an effective constitutive defense against Asplanchna predation because of its relatively large size, and thus to respond weakly if at all to the Asplanchna kairomone. These hypotheses are tested by determining the susceptibility of neonates and adults to Asplanchna brightwellii by direct observations and short-term feeding trials, and by observing the morphology of individuals cultured with and without Asplanchna. Any spine development induced by Asplanchna was expected to provide additional defense, especially to the small and most vulnerable neonates.
M E T H O D S
Dried sediment from Lake Littra collected by Deborah J. Furst was kindly contributed by Elizabeth J. Walsh.
On several occasions, a small sample of sediment was added to distilled water or MBL medium (Stemberger, 1981) in a glass beaker kept at 19°C in a photoperiod (16:8) . Every day for~10 days, all water was decanted in aliquots and examined for hatched stem females. Stem females of three taxa were isolated: the typical B. calyciflorus, the Darling B. calyciflorus and A. brightwellii Gosse.
Clonal populations derived from Brachionus stem females were cultured on Cryptomonas erosa var. reflexa in MBL or EPA medium at 19°C in a photoperiod (16:8) as described elsewhere (Gilbert, 2014) . A clonal population of A. brightwellii was cultured under the same conditions on Brachionus prey (B. calyciflorus Pallas, Brachionus rubens Ehrenberg). In addition, clonal populations of B. calyciflorus from Gainseville, Florida (USA) and Asplanchna girodi de Guerne from Norwich Vermont (USA) were cultured at 15 or 19°C on C. erosa in MBL medium and MBL or EPA medium, respectively. All experiments were conducted at 19°C in a photoperiod at C. erosa concentrations of 1-4 × 10 4 cells mL −1 . Spine and lorica lengths of newborn and adult Brachionus (carrying one or more eggs) preserved in acid Lugol's solution were measured to the nearest 2.5 μm using a Zeiss Universal microscope. Both spines of each pair of anterior and posterior spines were measured to give a mean value, except when attached eggs obscured one or more posterior spines. Lengths of live newborn and adult A. brightwellii were measured to the nearest 19 and 38 μm, respectively, using a Wild M5 stereomicroscope.
Mating experiments with the typical and Darling B. calyciflorus were conducted as described by Gilbert and Walsh (2005) . Newborn males (7-8 h-old) were isolated from a population of adult mictic females and tested with newborn females. For each paring, three to four females were added to a concavity of a glass 9-well spot plate containing~20 males. Interactions between males and females were observed continuously using a Wild M5 stereomicroscope to determine if males initiated circling behavior around a contacted female, and if their circling behavior led to copulation (hypodermic impregnation). Males that copulated were removed. For all comparisons, males from a clonal population were first tested with females from a different clone, and then tested with females of their own clone.
Inbreeding experiments with the typical B. calyciflorus from Lake Littra tested the hypothesis that sexual reproduction within a clone without constitutive spines could produce clones with constitutive spines, and vice versa. Sexual reproduction was initiated by culturing clonal populations at high population densities (Gilbert and Dieguez, 2010; Snell, 2011) . Resting eggs produced by fertilized mictic females were collected by pipet, kept dry for several weeks, and then flooded with MBL medium containing C. erosa to induce hatching. Hatched stem females initiated clonal populations identified alphabetically; e.g. clones from resting eggs produced by Clone 2 were designated Clone 2A, 2B, etc.
An experiment with a clone having constitutive posterolateral spines tested the hypothesis that the length of these spines is affected by maternal age. Five amictic females were cultured singly from birth to death in the concavities of 24-well tissue culture plates (Falcon . They were transferred to fresh conditions every other day. Every day, offspring were removed, cultured singly under the same conditions until maturity, and then preserved in acid Lugol's solution for later measurement. Birth orders of multiple offspring born to a mother during a day were determined from their relative sizes. The effects of birth order on posterolateral spine length, lorica length, and the ratio of posterolateral spine length to lorica length were analyzed by linear regression. A regression model was fit to the data from each of the five females, and one-sample t-tests determined if the extracted slopes were significantly different from zero.
To determine the effect of Asplanchna on the morphology of the typical and Darling B. calyciflorus, Brachionus populations initiated with a few females were cultured for about a week with and without several individuals of A. girodi or A. brightwellii in 12-15 mL of EPA or MBL medium with C. erosa.
The ability of adult A. brightwellii to capture and ingest the Darling B. calyciflorus was determined in two ways. Encounters of adult Asplanchna with newborn and adult Brachionus with or without Asplanchna-induced spines were directly observed using a Wild M5 stereomicroscope. Also, an experiment compared the ability of newborn Brachionus with or without Asplanchna-induced spines to survive exposure to Asplanchna. In each of five replicate tests, five neonates of each type were cultured with one adult Asplanchna in 5 mL for 7.5 or 12.3 h. A paired t-test determined whether the Asplanchna ingested significantly fewer with induced spines.
R E S U L T S
The typical and Darling B. calyciflorus: features and mating experiments One stem female of the Darling B. calyciflorus, and four stem females of the typical B. calyciflorus, hatched from the Lake Littra sediment and initiated clonal populations. The Darling and typical B. calyciflorus were morphologically very different. The mean lorica length of adult females was 310 and 169-195 μm, respectively. Also, the Darling taxon was globular, transparent, and lacked posteromedian spines (Fig. 1) .
Females from the four clones of the typical B. calyciflorus differed in lorica length and especially posterolateral-spine length ( Fig. 2A and B ; Table I ). Females from Clones 1 and 3 had no constitutive posterolateral spines. Females from Clone 2 all had posterolateral spines~50 μm long. Females from Clone 4 either lacked posterolateral spines or had very short ones; in one sample, 12 females had no posterolateral spines and 9 had posterolateral spines as long as 34.6 μm.
Mating experiments showed that cross-copulation never occurred between the Darling and typical B. calyciflorus, but did between clones of the typical B. calyciflorus with or without constitutive posterolateral spines (Table II) . Darling males readily copulated with their own females, but never with females of either Clone 1 or 2 of the typical B. calyciflorus. However, they often exhibited weak or strong circling responses to females of Clone 2. Males of Clones 1 and 2 readily copulated with females of both clones, but never with Darling females. However, they often exhibited strong and prolonged circling responses to Darling females.
Males of Clone 3 of the typical B. calyciflorus in Lake Littra copulated with their own females but not with females from a Florida clone of B. calyciflorus Pallas, even though they often exhibited strong circling responses after encounters (Table II) .
Inbreeding within clones of the typical B. calyciflorus
Inbreeding experiments with Clones 1 and 2 (Table III) supported the hypothesis that the typical B. calyciflorus population in Lake Littra is a mixture of genetically diverse, interbreeding clones. The genome of Clone 1, with no constitutive posterolateral spines, contained unexpressed alleles for the development of these spines. Stem females hatched from resting eggs produced by sexual reproduction within this clone initiated clonal populations that differed in posterolateral spine length. In some clones (A, NN, QQ ), no females had posterolateral spines; in other clones (WW, XX), all females had posterolateral spines. In the rest of the clones, varying proportions of the females had posterolateral spines. Inbreeding of Clone 2 females, all of which possessed posterolateral spines, produced four clones where all females had posterolateral spines and one clone (A) where 72% of the females had these spines. Mean lengths of the posterolateral spines varied from 0 to 86 μm.
Stem females hatched from resting eggs produced by Clones 1 and 2 populations sometimes had extremely short posterolateral spines: 2 out of 27 from Clone 1, and 3 out of 6 from Clone 2.
Effect of maternal age on the length of constitutive posterolateral spines in the typical B. calyciflorus
In clones that always have constitutive posterolateral spines (Clone 2 and most clones produced by the  inbreeding of this clone), there was considerable variation in their length (Tables I and III) . As hypothesized, some of this variation might be due to a maternal-age effect. When consecutive adult daughters of five Clone 2 females were measured, posterolateral spine length increased with their birth order (Fig. 3) . For example, the mean (1 SE) spine length for birth order 1 was 61.8 (2.3) μm and that for birth order 14 was 78.3 (3.3) μm.
Regression analysis showed that the birth-order effect was highly significant for spine length and for the ratio of spine length to lorica length, but not for lorica length (Tables IV and V) .
Effect of Asplanchna on the Darling and typical B. calyciflorus
Females of the Darling B. calyciflorus had no posterior spines when cultured alone at either 15 or 19°C ( Fig. 1B and Table VI) . When cultured with A. girodi, adult females had short (~46 μm) posterior spines, larger anterior spines, and a larger lorica ( Fig. 1C and Table VI ). All of these length increases were significant, with no overlap in 95% confidence limits between control and induced adults. When cultured with the larger and more voracious A. brightwellii from Lake Littra, mean lengths (±95% CL) of the posterior spines and Spine length (µm) Fig. 3 . Effect of birth order on length of constitutive posterolateral spines in Clone 2 of the typical Brachionus calyciflorus Pallas from Lake Littra. Offspring are from five females cultured from birth to death without Asplanchna. Symbols: Female 1 (blue ×); Female 2 (red + ); Female 3 (yellow *); Female 4 (purple square); Female 5 (green diamond). Lines are from linear regression models (Table IV) .
lorica of 11 adult females were similar to those induced by A. girodi: 47.4 ± 3.5 versus 46.0 ± 3.5 and 338.6 ± 8.2 versus 332.3 ± 8.6 μm, respectively. The response of the typical B. calyciflorus to Asplanchna was extremely pronounced. Clones 1 and 3 without constitutive posterolateral spines developed very long posterolateral spines, and Clone 2 with constitutive posterolateral spines developed even longer ones (Figs 2 and 4, Table VI). Also, there was a significant increase in the length of both pairs of anterior spines, a noteworthy 4-fold increase in the length of the posteromedian spines, and a significant increase in lorica length (Table VI) . The total length of adult females (estimated from the lorica plus posterolateral and anteromedian spines) was 521 μm for Clone 2 (with constitutive and induced posterolateral spines) and 445 μm for Clone 3 (with only induced posterolateral spines).
The effect of Asplanchna on posterolateral spine length in Clone 2 with constitutive posterolateral spines clearly was additive. In that clone, spine length increased from 74 to 207 μm in one experiment (Table VI) and from 53 to 199 μm in another experiment (Fig. 4) , giving spine length to lorica length ratios of 0.90 and 0.92, respectively. By contrast, in clones without constitutive posterolateral spines, Asplanchna-induced posterolateral spines were 118 μm long in an experiment with Clone 1 (Fig. 4) and 159 μm long in an experiment with Clone 3 (Table VI) , giving spine to lorica length ratios of 0.60 and 0.76, respectively. The most responsive replicate in the experiment with Clone 1 had a mean spine length of 138 μm and a ratio of spine length to lorica length of 0.70.
The Asplanchna response resulted in a large increase in total adult body length (lorica plus posterolateral and anteromedian spines): 83% (from 242.8 to 445.1 μm) for Clone 3 without constitutive posterolateral spines, and 59% (from 328.5 to 520.7 μm) for Clone 2 with those spines (Table VI) .
Morphological defenses of the Darling and typical B. calyciflorus against Asplanchna predation
The Darling and typical B. calyciflorus were very well protected against predation by A. brightwellii. Observations of numerous mixed-species cultures showed that they coexisted with this predator for several weeks or more.
The Darling B. calyciflorus was large enough to be difficult or impossible for all but the largest A. brightwellii to eat. In both rotifers, there is much postnatal growth. Mean (1SE) lorica length of newborn and adult Darling B. calyciflorus, cultured without Asplanchna and preserved in acid Lugol's solution, was 200.5 (3.8) and 310.5 (5.7) μm, respectively. Mean (1SE) body length of live, fully extended A. brightwellii was 471.8 (5.3)μm for newborns and 835.6 (17.2)μm for adults. Several A. brightwellii adults starved for 2-3 h were unable to capture the first five or six adult Brachionus they encountered, but then captured and ingested the first neonate they encountered.
The ability of the Darling B. calyciflorus to develop short posterior spines in the presence of Asplanchna gave it additional protection against A. brightwellii. Direct observations showed that neonates with posterior spines (Fig. 1D ) could be captured, but sometimes were rejected after capture. Short-term experiments confirmed the ability of adult A. brightwellii to ingest neonates with or without Asplanchna-induced spines, and demonstrated that those with posterior spines were significantly less susceptible Table V : Statistical analysis of linear regressions for birth order versus spine length (μm), lorica length (μm) and the ratio of posterolateral spine length to lorica length in five Clone 2 females of the typical Brachionus calyciflorus Pallas from Lake Littra (Table IV) (Table VII) . In all replicate tests in which a single Asplanchna adult was exposed to a mixture of five newborns of both types for 8 or 12 h, it ingested 4-5 of the 10 newborns but only 0-2 of those with posterior spines. In one test that was not included, the Asplanchna appeared unhealthy, and all 10 Brachionus survived.
D I S C U S S I O N

B. calyciflorus taxa in Lake Littra
Although only one clonal population of the Darling B. calyciflorus was studied, it was morphologically distinct and reproductively isolated from the typical B. calyciflorus. The Darling B. calyciflorus (~310 μm adult lorica length) closely resembles a slightly smaller taxon (~220 μm adult lorica length) from a River Murray billabong in Wodonga, Victoria (Gilbert and Walsh, 2005) ; furthermore, it is genetically extremely similar to it based on identical DNA sequences at the mitochondrial CO1 gene and nearly identical sequences at the nuclear ribosomal ITS region (E.J. Walsh, personal communication). The size difference between the Darling and Wodonga rotifers should be viewed with caution, because measurements were made on just one clone of each. The Darling B. calyciflorus also resembles the much larger B. calyciflorus gigantea (500-700 μm) described by Shiel (1980, 1987) from the Darling River. The DNA sequences of the Darling and Wodonga rotifers are very different from those of the typical B. calyciflorus clone from Florida that was used in the present study and analyzed by Gilbert and Walsh (2005) : the Wodonga and Florida clones differed by 6% at the ITS region and by 13% at the CO1 gene. The typical B. calyciflorus in Lake Littra showed genetic variation for constitutive posterolateral spines among the four clones established from stem females hatched from sediment and among the 16 clones produced by inbreeding within two of those clones. Females of some clones always lacked them, females of some clones always had short ones, and varying proportions of females in other clones had short ones. While such genetic variation has not been previously noted within a natural population, it is common within the species. In several well-studied clones, posterolateral spines were absent except when induced by Asplanchna, low temperature or low food availability (Gilbert, 1967; Halbach, 1970) . In other clones, females sometimes or always had short constitutive posterolateral spines Niu, 2007, 2008; Yin et al., 2015) .
Together, the mating and inbreeding experiments with the typical B. calyciflorus in Lake Littra indicated that this genetic variation for constitutive posterolateral spines occurs within the gene pool of a single population. Males and females from clones with or without these spines cross-copulated. Also, sexual reproduction within a clone without constitutive posterolateral spines produced clonal populations in which females always or sometimes possessed these spines.
An incidental mating experiment showed no crosscopulation between a typical B. calyciflorus clone from Lake Littra and one from Florida. Reproductive isolation between geographically separated clones of B.
calyciflorus Pallas has been previously noted. There was no cross-copulation between a clone from Texas (Hueco Tanks State Historic Site, El Paso) and both this Florida clone and a Georgia clone (Gilbert and Walsh, 2005) , and between another clone from Texas (Ascarate Lake, El Paso) and one from Argentina (Río Negro; Gilbert unpublished observations). Clearly, B. calyciflorus Pallas is a complex of geographically isolated putative or cryptic species (Gilbert and Walsh, 2005; Xiang et al., 2011a, b; Papakostas et al., 2016) .
In many mating crosses between the typical and Darling B. calyciflorus from Lake Littra, males exhibited pronounced circling behavior after encountering females but never copulated with them. This pattern also was observed in many of the crosses described by Gilbert and Walsh (2005) and in the above-mentioned cross between Texas and Argentina clones (Gilbert, unpublished observations) . As suggested by Gilbert and Walsh (2005) , male receptors on the corona may recognize two different chemicals on the female surface before copulation can occur: one that induces circling behavior, and a more specific one that induces copulation.
Constitutive and induced defenses against Asplanchna
The typical and Darling B. calyciflorus in Lake Littra have both constitutive and induced morphological defenses that defend them against capture and ingestion by Asplanchna. As hypothesized, the Darling B. calyciflorus is primarily protected by its large body size. A. brightwellii adults (~836 μm body length) can eat only neonates with lorica lengths of~200 μm. Also as hypothesized, they are less able to eat those with short (~50 μm), Asplanchna-induced, posterior spines.
The typical B. calyciflorus has several defenses against Asplanchna, despite its relatively small body size (170-195 μm adult lorica length). The major defense is a pronounced developmental response to the Asplanchna kairomone: an increase in the length of the lorica and all pairs of anterior and posterior spines, with the very long, articulating, posterolateral spines being particularly effective (Gilbert, 1999 (Gilbert, , 2013 (Gilbert, , 2017a . This response has been observed in all other geographic strains of B. calyciflorus that have been tested. However, it was particularly strong in the Lake Littra strain, especially regarding the posterolateral and posteromedian spines; total body length (lorica plus posterolateral and anteromedian spines) increased by 59-83%, and posterolateral spines in some clones were almost as long as the lorica. Many observations and experiments with other strains have shown that B. calyciflorus becomes increasingly less susceptible as its size and spine development increase and as Asplanchna size decreases (Gilbert, 1967 (Gilbert, , 1980 Halbach, 1971) . Clones of the typical B. calyciflorus in Lake Littra with constitutive posterolateral spines probably are especially well protected from Asplanchna, although predation experiments with Asplanchna and additional clones should be conducted. Constitutive spines could provide some protection when Asplanchna densities are too low to induce a developmental response. More importantly, and as hypothesized, the effect of Asplanchna on these spines was additive. For example, the ratio of adult spine length to lorica length averaged 0.6 and 0.76 for two clones without constitutive posterolateral spines, and~0.90 for a clone with constitutive posterolateral spines. In other strains of B. calyciflorus without constitutive posterolateral spines, this ratio was~0.45 for a Lake Washington clone at 25°C (Gilbert, 1967) , and~0.5 and 0.6 for two German clones at 20°C (Halbach, 1970) .
Clones of the typical B. calyciflorus in Lake Littra with constitutive posterolateral spines also may benefit from a maternal effect in which the length of these spines increases with maternal age. This relationship was significant in the clone tested, with spine length gradually increasing from~62 to 78 m by birth order 14. This maternal effect may not occur in all clones with constitutive posterolateral spines, and was considerably less pronounced than the one in some North American clones (Schröder and Gilbert, 2009 ). However, since the effects of maternal age and Asplanchna may be additive, as they were for a Florida clone of B. calyciflorus (Gilbert, 2012) , the maternal-age effect may cause an adaptive shift to longer spines in the population whenever Asplanchna selects individuals with shorter spines (Gilbert and McPeek, 2013) .
Coexistence of clones with and without constitutive posterolateral spines in the typical B. calyciflorus population
The occurrence of clones of the typical B. calyciflorus in Lake Littra with moderately long, constitutive posterolateral spines is unusual, and may be due to periods of very high Asplanchna abundance and predation risk. Females with these spines would have some defense as soon as Asplanchna appears in the community, and then could produce daughters with the longest possible spines as Asplanchna increases in abundance.
On the other hand, if there is some cost to spine development, clones without constitutive posterolateral spines may be more fit when Asplanchna is absent or rare. These clones would have posterolateral spines only when Asplanchna populations develop and then would have relatively short ones induced by the Asplanchna kairomone. Laboratory experiments with B. calyciflorus indicate no reproductive cost to spine development (Gilbert, 2013 (Gilbert, , 2017a . However, in some natural environments, long Asplanchna-induced spines might decrease fitness. For example, individuals with these spines could be more susceptible to other predators, such as copepods or small fish.
Long-term coexistence of clones with and without constitutive posterolateral spines in Lake Littra may be facilitated by two mechanisms. As the abundance of Asplanchna changes over time, directional selection might favor one or the other. Also, genotypes producing both types of clones are stored as resting eggs in the sediment egg bank; these eggs can remain in diapause for long periods of time and then hatch from time to time to establish new clonal populations (Gilbert, 2017b) .
C O N C L U S I O N S
Two morphologically distinct B. calyciflorus hatched from Lake Littra sediment: a typical B. calyciflorus Pallas [B.
(calyciflorus) calyciflorus] and a larger, bladder-like taxon without posteromedian spines tentatively called B. (calyciflorus) "Darling". The tested clones of these taxa were reproductively isolated from one another.
Both the typical and Darling B. calyciflorus taxa are well defended against predation by Asplanchna by combinations of constitutive and induced morphological traits. The Darling taxon is well protected by its large size and modest developmental response to Asplanchna: larger size, longer anterior spines and de novo induction of short (~50 μm) posterior spines. Adult A. brightwellii can capture and ingest only small neonates, and is significantly less likely to eat neonates with Asplanchna-induced spines.
The typical B. calyciflorus is well protected from Asplanchna by two induced responses: one to maternal age and one to Asplanchna. In a clone always with constitutive posterolateral spines, these spines lengthened with increasing birth order from~62 to 78 μm. Most importantly, all clones had an extremely pronounced developmental response to Asplanchna: larger size, longer anterior and posteromedian spines, and unusually long posterolateral spines. Notably, posterolateral spines were much longer in a clone with constitutive posterolateral spines than in two clones without them, indicating that the effect of Asplanchna on these spines is additive.
In the typical B. calyciflorus population, the coexistence of clones with and without constitutive posterolateral spines is of interest. Perhaps there is a trade-off between a benefit of exceptionally long defensive spines when Asplanchna is abundant and some cost of spine development when Asplanchna is absent or rare. In that case, clonal diversity could be maintained by fluctuating directional selection as Asplanchna abundance changes, and by the storage effect of a large bank of resting eggs in the sediment.
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